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Abstract
Background: The Pyrrhocoris apterus (Insecta: Heteroptera) adults attain high levels of cold tolerance during their
overwintering diapause. Non-diapause reproducing adults, however, lack the capacity to express a whole array of cold-
tolerance adaptations and show relatively low survival when exposed to sub-zero temperatures. We assessed the
competence of non-diapause males of P. apterus for responding to heat- and cold-stresses by up-regulation of 70 kDa heat
shock proteins (Hsps) and the role of Hsps during repair of heat- and cold-induced injury.
Principal Findings: The fragments of P. apterus homologues of Hsp70 inducible (PaHsp70) and cognate forms (PaHsc70)
were cloned and sequenced. The abundance of mRNA transcripts for the inducible form (qPCR) and corresponding protein
(Western blotting) were significantly up-regulated in response to high and low temperature stimuli. In the cognate form,
mRNA was slightly up-regulated in response to both stressors but very low or no up-regulation of protein was apparent
after heat- or cold-stress, respectively. Injection of 695 bp-long Pahsp70 dsRNA (RNAi) caused drastic suppression of the
heat- and cold-stress-induced Pahsp70 mRNA response and the up-regulation of corresponding protein was practically
eliminated. Our RNAi predictably prevented recovery from heat shock and, in addition, negatively influenced repair of
chilling injuries caused by cold stress. Cold tolerance increased when the insects were first exposed to a mild heat shock, in
order to trigger the up-regulation of PaHsp70, and subsequently exposed to cold stress.
Conclusion: Our results suggest that accumulation of PaHsp70 belongs to a complex cold tolerance adaptation in the insect
Pyrrhocoris apterus.
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Introduction
Insects evolved impressive strategies for survival at sub-zero
body temperatures [1]. Many species extensively supercool their
body fluids and thus avoid freezing [2], others concentrate solutes
in body fluids by desiccation and, consequently, also avoid freezing
[3], and still others tolerate ice formation in extra-cellular spaces
[4]. A whole array of physiological adjustments counteract the
damaging effects of low temperatures, e.g. accumulation of low
molecular weight cryoprotectants [5], synthesis of antifreeze
proteins [6], and remodeling of cellular membranes [7]. It has
been proposed recently that heat shock proteins (Hsps) also
contribute to the cold tolerance of insects [8].
The Hsps approximately 70 kDa in molecular mass represent
one of five major Hsp families (small Hsps, 60, 70, 90 and 100 kDa
Hsps) [9,10]. Hsp70 proteins are found in all organisms and their
structure and function are highly conserved [11]. Originally, they
were discovered as being induced by heat shock, i.e. a brief
exposure to non-lethal temperatures above the optimum for
growth and development [12]. Later, it was found that a wide
array of environmental stresses elicit a similar up-regulation
response [13]. In addition to inducible forms, the Hsp70 family
also includes constitutive forms – heat shock cognates (Hsc70).
While the inducible forms assist the proteins in attaining their
native conformation after partial denaturation during environ-
mental stress, the cognates participate in various processes in an
unstressed cell, such as folding of proteins after translation or
membrane translocation [10,14,15].
Up-regulation of hsp70 mRNA levels in response to low
temperature was reported in several insect species: various fruit
flies, Drosophila sp. [16,17] including D. melanogaster [18]; adult
potato beetles, Leptinotarsa decemlineata [19]; pupae of the onion fly,
Delia antiqua [20]; and adults of the fly Liriomyza huidobrensis [21].
Relatively high levels of mRNA transcripts for heat shock proteins
were also detected in diapause insects during overwintering
[22,23,24] and in the larva of an Antarctic midge, Belgica antarctica
[25]. Such observations led the authors to speculate on the role of
Hsps in insect cold tolerance. Current evidence suggests, however,
that mRNA levels provide little information on protein abundance
and activity [26] and that detailed functional studies are needed to
elucidate the influence of candidate genes on phenotype. Up-
regulation of Hsps at the protein level was verified in the fruit flies
exposed to cold [27,28], and in the pupae of flesh fly, Sarcophaga
crassipalpiss during diapause [29]. To our knowledge, the only
PLoS ONE | www.plosone.org 1 February 2009 | Volume 4 | Issue 2 | e4546direct evidence obtained so far for positive role of heat shock
proteins in insect cold tolerance is that by Rinehart et al. [8] who
injected the hsp23 and hsp70 dsRNAs (double-strand RNAs) into
the pre-diapause larvae of S. crassipalpis, and observed a dramatic
decrease of mRNA levels in pupae and a significant loss of their
cold tolerance.
The main objective of this study was to assess the role of Hsp70
in cold tolerance of the adult linden bug, Pyrrhocoris apterus (Insecta,
Heteroptera). Linden bug is one of the model insects used for the
investigation into mechanisms of supercooling, cold tolerance and
repair of chilling injury [7,30–36]. Here we report on cloning the
fragments of inducible and cognate forms of 70 kDa heat shock
proteins in P. apterus. Further, we show that the mRNA and
protein levels of the inducible form are significantly up-regulated
in response to high and low temperature stimuli, and use RNAi to
suppress the up-regulation responses. We demonstrate that RNAi
suppression of Hsp70 levels completely prevents recovery from
heat shock and negatively affects repair of chilling injury. Cold-
induced expression of Hsp70 thus appears as an important
component of a complex adaptive syndrome of cold tolerance in P.
apterus.
Methods
Insects
The adults of the brachypterous wing-form of P. apterus were
collected in the field during spring of 2007 near C ˇeske ´ Bude ˇjovice,
Czech Republic. Laboratory colony was maintained [37] at a
constant temperature of 25uC and a long day photoperiod of 18-h
light : 6-h dark, which promotes direct development without
reproductive diapause. F2 and F3 males, 1–2 weeks after the adult
moult, were used for all experiments. Males do not significantly
differ from females in their cold tolerance [33,36], and we verified
in our preliminary experiments that the sexes also do not differ in
heat shock tolerance, and Hsp expression. Avoiding females
allowed us to eliminate potential variation caused by dramatic
cyclical changes in female physiology in connection with the cycles
of egg production, mating and oviposition [38].
Cloning and sequencing
Structural homologues of the genes encoding for 70 kDa heat
shock proteins were targeted using the standard method of reverse
transcription from the total RNA extracted from heat shocked P.
apterus adults (1 h after the exposure to +41uC for 1 h). The
resulting cDNA was used as a template for PCR with degenerate
oligonucleotide primers designed on the basis of known sequences
from other insects (upper primer, 59-TGGGCGGCGAGGAYT-
TYGAYAA-39; lower primer, 59-AACGTGCCCAGCAGG-
TTRTTRTCYTT-39). Purified PCR products were inserted into
the pGEM-T Easy plasmids (Promega) and amplified by culturing
in JM 109 Competent Cells (Promega). Plasmid DNA was then
isolated and sequenced using BigDye Terminator v1.1 Cycle
Sequencing Kit and ABI Prism 377 DNA Sequencer (Applied
Biosystems). 39-RACE technique was used to characterize the 39-
ends of cDNAs. Two sequences were obtained, named Pahsp70
(inducible form) and Pahsc70 (cognate form), and deposited in
NCBI GenBank under accession numbers FJ386397 and
FJ386398, respectively.
RNA extraction and qRT-PCR
Abdominal fat bodies were dissected from five males and pooled
to obtain one sample. Samples were stored in the RNAlater
(Qiagen) at 220uC until analysis. Total RNA was extracted using
RNA Blue kit (Top-Bio, Czech Republic) and the concentrations
were leveled exactly to 1 mg mL
21 by DEPC-treated water in all
samples. Five mg of total RNA was then used for a first strand
cDNA synthesis using Reverse Transcription System (Promega).
Relative level of mRNA transcripts for target genes was measured
by quantitative real-time PCR (qPCR) using the Rotor Gene RG
3000 PCR Cycler (Corbett Research, Australia) and Hot Start
version of TaKARa ExTaq DNA polymerase. PCR reactions were
primed with pairs of gene-specific oligonucleotides: Pahsp70
upper primer, 59-CTGTGCCGATCTCTTCAGGTCAACT-39;
Pahsp70 lower primer, 59-GGGAGCTTTGGTCACCGCTGAG-
TATG-39; Pahsc70 upper primer, 59-TGGAAAAGTGCAAC-
GAAGTCATC-39; Pahsc70 lower primer, GGCATACCTC-
CAGGCATACCA-39. Each sample was run as a technical
doublet of PCR reactions for target gene and a doublet for
reference gene, Rp49 (primed with upper primer, 59-CCGA-
TATGTAAAACTGAGG*AGAAAC-39; lower primer 59-
GGAGCATGTGCCTGGTCTTTT-39). The asterisk in the
Rp49 upper primer sequence shows known position of intron
which prevents annealing of this primer to genomic DNA. We
verified in a preliminary test that our total RNA samples were not
contaminated with genomic DNA by runing the cDNA synthesis
reactions with and without AMV reverse transcriptase. In the later
case, there was no product of subsequent PCR reactions with the
Pahsp70 and Pahsc70 gene specific primers. Relative quantification
of a target gene to a reference gene was done according to Pfaffl
[39].
RNAi
The cDNA prepared from heat shocked insects (+41uC/1 h) was
used to amplify two complementary DNA templates for dsRNA
synthesis (using TaKaRa ExTaq polymerase, annealing at 55uC, 35
cycles, Biometra T300 Thermocycler). Primers specific to Pahsp70
were constructed with the addition of a 23 nucleotide T7 sequence
to the 59 end of each primer. The primers amplified bases 505
through 1154 of the Pahsp70 sequence, resulting in a 695 bp
fragment. DNA templates (1 mg of DNA per reaction) were used for
synthesizing two complementary single-strand ssRNAs using T7
Megascript kit (Ambion) (incubation at 37uC for 4 h). After DNase
treatment to remove the template, the reaction was precipitated by
LiCl, washed with 70% ethanol, dried and dissolved in sterile
injection buffer (1.4 mM NaCl, 0.07 mM Na2HPO4, 0.03 mM
KH2PO4, 4 mM KCl, pH adjusted to 7.4). After measuring the
concentration, equal amounts of two complementary ssRNAs were
mixed and incubated at 95uC for 2 min followed by 70uC for
15 min and slow cooling to room temperature. Final concentration
of dsRNA was adjusted to 5 mg mL
21.
The dsRNA for ß-galactosidase [40] or injection buffer alone
were applied as controls. A Hamilton syringe (10 mL) was used to
inject 2 mL of dsRNA or injection buffer (blank treatment) into the
adult males. The needle was inserted between two abdominal
tergites, close to the pleura, in parallel to the longitudinal body
axis. The injected individuals showed no signs of injury and there
was 100% survival of the treatment. They were allowed to recover
for 2 days after the injection (our preliminary testing showed that
the maximum RNAi effect develops within 2–4 days after the
dsRNA injection).
Western blotting
Proteins were extracted from the abdominal male fat bodies (3
fat bodies were pooled to obtain one sample) after homogenization
in 500 mL buffer consisting of 100 mM Tris-HCl, pH 8.0; 15 mM
mercaptoethanol and 1 mM EDTA. After centrifugation at
22,000 g/20 min/ 4uC, sucrose was added (0.3 M) to stabilize
the proteins during storage at 280uC. Total protein concentra-
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Proteins were separated on a 7.5% PAGE-SDS gel (Owl vertical
apparatus; 4% stacking gel; running buffer: 0.025 M Tris,
0.192 M glycine, 1% SDS; constant 50 V for 30 min followed
by 150 V for 1 h). Equal amounts (20 mg) of heat denatured
proteins (60uC for 5 min) were loaded into each well. The proteins
were transferred to the nitrocellulose (0.4 mm) membrane using the
Owl semidry blotter (transfer buffer: 0.025 M Tris; 0.192 M
glycine, 20% methanol, pH 8.3; constant current 1.2 mA/cm
2 for
90 min).Afterbrieflywashingthemembrane inTBST buffer, itwas
incubated in blocking solution for 1 h [0.5% skimmed milk (Difco)
in TBST]. The membrane was hybridized overnight at 4uC with
mouse monoclonal anti-heat shock protein 70 primary antibody
(clone BRM-22, Sigma) diluted to 0.4 mgm L
21 in TBST.
According to the manufacturer, this antibody recognizes both
inducible and cognate forms of Hsp70 protein in various vertebrate
species and also in D. melanogaster.I nP. apterus, this antibody
hybridized with two protein bands of approximately 70 kDa
molecular mass. We have verified in preliminary tests that these
bands correspond to PaHsp70 and PaHsc70 proteins by specifically
quenching them with RNAi directed against Pahsp70 mRNA
(described above) and Pahsc70 mRNA, respectively (data not
shown). After thorough washings in TBST, the membrane was
hybridized for 1 h with ImmunoPure Peroxidase conjugated goat
anti-mouse IgG (H+L) secondary antibody (Pierce) diluted to
1n gm L
21 in TBST. Washed membrane was finally incubated for
5 min in 5 mL of Supersignal West Dura solution (Pierce) to
visualize the hybridization signal. After photographing the mem-
brane using the Luminiscent Image Analyzer LAS 3000 (Fujifilm),
the hybridization signal was quantified by densitometry software
QuantiScan (Biosoft).
High- and low-temperature survival and cross-tolerance
Groups of 10 insects were exposed to high or low temperatures
in plastic tubes (10660 mm) that were either placed in a Bioblock
Polystat, Huber water bath (high temperature, +45uC for 3 h) or
inserted into holes drilled in an aluminium block, which was
situated inside the low temperature incubator F34-ME, Julabo
(low temperature, 25uC for 5 days). This particular dose of cold
stress (combination of temperature and duration) was selected
based on our earlier survival experiments [32,36]. After this dose
of cold stress, direct mortality remained relatively low but a high
proportion of insects showed signs of chilling injury. A temper-
ature of 25uC is safely above the temperature of crystallization of
body fluids, which is 29.460.4uC [32]. The injury which develops
during such exposure is thus termed chilling injury in order to
discriminate it from injury caused by freezing. Survival was
assessed by monitoring the males’ status 2 h after the end of
exposure and then after 1, 2, 3 and 7 days. Three categories were
distinguished: (a) fit, rapid and coordinated crawling; (b) injured,
slow uncoordinated crawling or movement; (c) dead, no response to
stimulation with a fine paintbrush. The injections of either blank
solution (2 mL of injection buffer) or RNAi solution (2 mLo f
Pahsp70 dsRNA) were performed two days prior to survival test.
There was no difference in heat- and cold-survival between blank-
injected individuals and untreated controls (data not shown).
Cross-tolerance is a process when acclimatory response to one
stressful event (for instance, the synthesis of Hsps in response to heat
shock) affords individuals resistance to some other stressor applied
subsequently (for instance, the exposure to cold). We assessed the
capacity for cross-tolerance in males of P. apterus by exposing them
to a mild heat shock (+41uC for 1 h), then allowing them to recover
at 25uC for 30 min and immediately exposing them to 25uC for 5
days. Survival was checked as described above.
Results
Identification of Hsp70 and Hsc70 homologues in P.
apterus
Two cDNA fragments were sequenced. The first one was
1460 bp-long, encoded for 409 amino acids and contained
230 bp-long 39-UTR. The amino acid translation of this fragment
exhibited the highest identity and similarity (78% and 90%,
respectively) to 70 kDa inducible heat shock protein from the
moth, Sesamia nonagrioides, as well as substantial homology with
70 kDa heat shock proteins from many other insect species,
including D. melanogaster (Hsp70B, 75% identity, 87% similarity).
The second fragment was 1581 bp-long, encoded for 347 amino
acids and contained 547 bp-long 39-UTR. The amino acid
translation showed substantial identity and similarity to 70 kDa
heat shock cognates from many different organisms, e.g. the moth
Manduca sexta (91% and 97%), the bee Megachile rotundata (90% and
97%), and the mosquito Aedes aegypti (88% and 97%). Based on the
structural homology with known proteins from other insects and
also based on the expression responses to the heat shock stimulus,
the fragments were named Pahsp70 (inducible form) and Pahsc70
(cognate form) and the sequences were deposited in NCBI
GenBank under accession numbers FJ386397 and FJ386398,
respectively.
Heat shock response and its RNAi suppression
After a mild heat shock (+41uC/1 h), the males of P. apterus did
not fall into heat coma and no visible signs of heat-induced injury
were seen. Nevertheless, this heat shock caused considerable up-
regulation of Pahsp70 mRNA levels in the fat body tissue (Fig. 1A,
C), and a similar response was observed in whole body
preparations (data not shown). Massive transcription of Pahsp70
gene started already during the heat stimulus. According to qPCR
quantification, the mRNA levels increased 3243-fold during the
heat stimulus (a difference between the times 21 h and 0 h). The
maximum level was 4038-fold higher than the level prior to heat
shock and it was reached after a 1 h recovery at 25uC. The mRNA
abundance returned close to the initial level within 1 day of
recovery at 25uC. The up-regulation of PaHsp70 protein displayed
a slight delay after the increase of mRNA levels. It started only
after the end of the heat stimulus and the maximum (4.9-fold up-
regulation) was reached within 1 h after the end of the heat
stimulus. Protein levels dropped back to the initial values within
12 h (Fig. 1B, D–F). Heat shock also caused a slight increase of
Pahsc70 mRNA and PaHsc70 protein levels (Fig. 1A, B, D–F). The
magnitude of the cognate form up-regulation, however, was much
lower than that of the inducible form. The cognate mRNA levels
increased 2.6-fold and the up-regulation of protein levels (1.5-fold)
was hardly detectable using our Western blot technique.
Injection of ß-gal dsRNA into the adult males had no effect on
heat shock-induced up-regulation of the Pahsp70 mRNA levels.
Injecting the buffer alone (blank), although showing no effect at
the end of heat shock (0 h), resulted in a slight suppression of
Pahsp70 mRNA levels measured after 1 h of recovery. In contrast,
the injection of Pahsp70 dsRNA resulted in a drastic suppression of
heat-induced expression of the Pahsp70 gene (Fig. 2A). Similarly,
the up-regulation of protein levels of PaHsp70 was affected a little
by the blank treatment but was practically eliminated by Pahsp70
dsRNA injection (Fig. 2 B, D). The injection of Pahsp70 dsRNA
exhibited a non-specific cross-effect on the levels of cognate
Pahsc70 mRNA. A slight reduction of Pahsc70 mRNA levels was
detected (Fig. 2C), but this was not reflected in PaHsc70 protein
levels (Fig. 2D).
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were all in a heat coma (no movements) at the end of exposure and
they still displayed slow and uncoordinated movements 2 h after
the end of exposure. Thus, they were all classified as injured.
Blank-injected individuals were able to rapidly repair heat injury
and most of them (95.9%) were classified as fit by the end of a 7-
Figure 1. Heat shock-induced up-regulation of PaHsp70 and PaHsc70 expressions. Males of Pyrrhocoris apterus were exposed to +41uC for
1 h (shaded column) and then allowed to recover at 25uC. (A) Relative levels of Pahsp70 and Pahsc70 mRNAs in the fat body were measured by qPCR
(quantitative real–time PCR with Rp49 serving as a reference gene). The fat bodies (5 per each sample) were dissected prior to heat shock (time 21 h),
at the end of it (time 0 h) and during recovery (up to time 24 h). (B) Protein levels were based on the results of Western blot hybridization. Whole
procedure of electrophoresing, blotting, hybridization and densitometry was replicated three times for each sample. Data points are means6S.E.M.
(C) An example of the results of standard PCR amplification with 25 cycles (note that a different method, i.e. q PCR was used to quantify the
abundance of mRNA transcripts). The products were separated on 2% agarose and stained by ethidium bromide. It documents the temporal pattern
of up-regulation of Pahsp70 mRNA in contrast to relatively stable levels of Pahsc70 an Rp49 mRNAs. (D) An example of SDS-PAGE shows equal loading
of proteins (20 mg). The up-regulation of PaHsp70 was only weakly detectable (arrowheads). (E) The dashed-line rectangle area of SDS-PAGE is shown
after Western blotting. The mouse monoclonal anti-Hsp70 primary antibody (clone BRM-22, Sigma) recognized both PaHsp70 and PaHsc70 proteins.
Note clear up-regulation of PaHsp70 at times 1 h and 3 h in contrast to relatively stable signal of PaHsc70. (F) An example of Western blot signal
quantification using Quantiscan (Biosoft) densitometry.
doi:10.1371/journal.pone.0004546.g001
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were injected with Pahsp70 dsRNA were not able to repair heat
injury and all died within 3 days (Fig. 2F).
Response to cold exposure and its RNAi suppression
A massive transcription of Pahsp70 gene was induced by
exposing the males to a low temperature of 25uC for 5 days
(Fig. 3A). The mRNA levels started to rise only after the end of
cold exposure and the maximum level (1532-fold up-regulation)
was reached at 3 h of recovery at 25uC. The increase in PaHsp70
protein levels was not apparent earlier than at 2 h of recovery and
the maximum levels (1.6-fold up-regulation) were reached between
4–6 h of recovery (Fig. 3B, C). Although a clear up-regulation of
Pahsc70 mRNA was observed (5.6-fold increase between 6–8 h of
recovery), no significant change of PaHsc70 protein levels was
detected (Fig. 3A, B, C).
While the injection of Pahsp70 dsRNA suppressed the cold-
induced up-regulation of Pahsp70 mRNA and PaHsp70 protein,
no effect of blank injection was observed (Fig. 4A, B, D). A non-
specific cross-effect of our RNAi onto the levels of cognate Pahsc70
mRNA was confirmed (Fig. 4C).
At the end of cold exposure, all males were in a deep chill coma.
They started to move within 30 min and some of them apparently
recovered within 2 hours (those were classified as fit). Mortality
increased gradually during the 7-day recovery period. No
significant difference in mortality was found between blank- and
Pahsp70 dsRNA-injected groups (30.8% vs. 35.0% of dead
individuals on day 7 of recovery period, respectively), but relatively
low mortality occurred in the group tested for cross-tolerance
(14.9%). The most conspicuous difference between three groups,
however, appeared in the number of individuals that were able to
repair chilling injury. While 37.7% of blank-injected males fully
recovered after the cold exposure and were fit, none of the Pahsp70
dsRNA-injected males was fit on day 7 (Fig. 4E, F). In the group of
males tested for cross-tolerance, 51.6% of males were fit by the end
of the 7-day recovery period (Fig. 4G).
Figure 2. RNAi suppression of heat shock-induced up-regulation of PaHsp70 expression and its effect on survival. Relative levels of
Pahsp70 mRNA (A), PaHsp70 protein (B) and Pahsc70 mRNA (C) were measured in the fat bodies of male Pyrrhocoris apterus at different times of
recovery after the heat shock (+41uC for 1 h). The insects were either untreated (control) or injected two days prior to heat shock with: 2 mL of the
injection buffer alone (blank); 2 mL (10 mg) of ß-galactosidase (ß-gal) dsRNA; or 2 mL( 2mg) of Pahsp70 dsRNA. Each column is a mean6S.E.M. of 3–4
independent samples (5 fat bodies per sample). The differences in mRNA levels were assessed by ANOVA followed by Tukey’s multiple comparison
test at p=0.05 (columns flanked by different letters differ significantly). (D) An example of Western blotting. (E, F) Survival in blank-injected (E, n=39)
and Pahsp70 dsRNA-injected (F, n=40) insects after a severe heat shock (+45uC for 3 h) were assessed during recovery at 25uC for 7 days. The fit
insects were those showing normal, rapid and coordinated crawling; the injured insects displayed signs of heat injury, i.e. slow, uncoordinated
crawling or movements of body appendages only; and the dead insect did not respond to stimulation with a fine paintbrush. See Fig. 1 for more
information.
doi:10.1371/journal.pone.0004546.g002
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Up-regulation responses to heat shock and cold
exposure
We cloned and sequenced two partial cDNAs encoding
structural homologues of inducible and cognate forms of the
proteins belonging to the Hsp70 family in P. apterus. Functional
homology was verified by assessing the transcriptional response of
the genes and up-regulation of corresponding proteins after heat
shock stimulus. The temporal pattern and magnitude of mRNA
and protein responses were characteristic for inducible and
cognate forms of Hsp70 [41]. While very fast and massive increase
of mRNA levels, followed by 1 h-delayed increase of protein levels,
were observed for the inducible form (PaHsp70), relatively small
increases of mRNA and protein were detected for the cognate
form (PaHsc70).
We observed a significant up-regulation of PaHsp70 in response
to cold exposure to 25uC for 5 days. It is not surprising to see the
Hsp70 up-regulation in response to cold as the cold denaturation of
proteins is a general phenomenon [42,43] and, in turn, partially
denatured or missfolded proteins are potent triggers of rapid Hsp70
accumulation [15,44]. The response to cold differed from the
response to heat stimulus in that the accumulation of mRNA
transcripts of the Pahsp70 gene started only after the end of cold
exposure, i.e. during the recovery at 25uC, and the expression of
PaHsp70 protein was shifted accordingly. Similar temporal pattern
of Hsp70 cold-induced response was observed in fruit flies [17,28].
There was a discrepancy between a large effect of heat/cold
stimuli on the Pahsp70 gene (up-regulation of mRNA levels by
more than 3 orders) but a small effect on the PaHsp70 protein
levels (up-regulation by less than 1 order). It is known that mRNA
levels are not always perfectly mirrored by the protein levels [26].
In addition, we used relative rather than absolute quantification
methods for both mRNA and protein levels, which does not allow
drawing precise stochiometric conclusions.
RNAi suppression of the up-regulation responses
Our RNAi (injection of Pahsp70 dsRNA) caused a significant
reduction of the up-regulation responses to both heat and cold
stimuli. The suppression was not complete when assessed at the
mRNA level. The levels of Pahsp70 mRNA still increased
approximately 100-fold in the Pahsp70 dsRNA-treated individuals
after heat or cold stimulus. Such increase, however, was
dramatically lower than that in controls, where increases by 3
orders of magnitude were seen. The up-regulation responses were
completely eliminated at the protein level. Indeed, the effectiveness
of RNAi that we achieved was sufficient to clearly change the
phenotype of P. apterus adults, which was proved by their complete
loss of heat tolerance. None of the insects that were injected with
Pahsp70 dsRNA survived after the heat shock while 96% of blank-
injected insects fully recovered and were fit. A similar loss of heat
tolerance after RNAi, which was directed against the expression of
Hsp70, was reported in diapausing pupae of S. crassipalpis [8]. The
effect of RNAi on cold tolerance was less pronounced than its
effect on heat tolerance. Our RNAi did not change cold-induced
mortality. It significantly did affect, however, the number of insects
that were able to repair their chilling injury and fully recover from
cold stress. While more than 1/3 of the blank-injected individuals
could be classified as fit (capable of rapid, coordinated movement,
capable of successful mating), none of the Pahsp70 dsRNA-treated
Figure 3. Cold exposure-induced up-regulation of PaHsp70 and PaHsc70 expressions. Males of Pyrrhocoris apterus were exposed to 25uC
for 5 d (shaded area) and then allowed to recover at 25uC. (A) Relative levels of Pahsp70 and Pahsc70 mRNAs in the fat body were measured by qPCR
(with Rp49 serving as a reference gene). The fat bodies (5 per each sample) were dissected prior to cold exposure (not shown), during it (time 21 h),
at the end of it (time 0 h) and during recovery (up to time 24 h). (B) Protein levels were based on the results of (C) Western blot hybridization. Data
points are means6S.E.M. of three Western blot replications. See Fig. 1 for more information.
doi:10.1371/journal.pone.0004546.g003
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visible signs of chilling injury were detected in approximately J of
the Pahsp70 dsRNA-treated individuals at day 1 of recovery from
cold stress (see Fig. 4B). Later, however, their chilling injuries
became apparent, probably as a result of insufficient repair.
Because the injured individuals should be considered as dead in
ecological terms, we argue that our RNAi clearly demonstrated
that suppression of PaHsp70 results in a loss of cold tolerance.
The injection of Pahsp70 dsRNA resulted in relatively small non-
specific suppression of the Pahsc70 mRNA levels, which may be
explained by high homology of Pahsp70 and Pahsc70 sequences. The
region of Pahsp70 sequence located near the 39-end was selected as a
template for dsRNA synthesis for its relatively low homology. But
still, 76.8% amino acids of this region wereidentical in the inducible
and cognate forms of PaHsp70. Since the non-specific suppression
of the Pahsc70 mRNA levels was relatively low (ca. 2-fold), and that
of the protein levels was below limits of detection, we suppose that
the observed phenotypic changes were related mainly to strong
specific suppression of PaHsp70 mRNA and protein levels.
Cross-tolerance
In our cross-tolerance experiment, males of P. apterus were first
exposed to a mild heat shock in order to trigger the up-regulation
of Hsp70 which, in theory, positively affects survival of subsequent
Figure 4. RNAi suppression of cold exposure-induced up-regulation of PaHsp70 expression and its effect on survival. Relative levels
of Pahsp70 mRNA (A), PaHsp70 protein (B) and Pahsc70 mRNA (C) were measured in the fat bodies of male Pyrrhocoris apterus at different times of
recovery after the cold exposure to 25uC for 5 d. The insects were either untreated (control) or injected two days prior to heat shock with: 2 mL of the
injection buffer alone (blank); or 2 mL( 2mg) of Pahsp70 dsRNA. (D) An example of Western blotting. (E, F) Survival in blank-injected (E, n=49) and
Pahsp70 dsRNA-injected (F, n=48) insects after the cold exposure. (G) Cross-tolerance was assesed by observing the survival in insects (n=48) that
were pretreated with a mild heat shock (+41uC for 1 h) prior to the cold exposure to 25uC for 5 d. See Figs. 1 and 2 for more information.
doi:10.1371/journal.pone.0004546.g004
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cold tolerance than blank-injected males. Cross-tolerance exper-
iments were earlier conducted with fruit flies but ended with
variable results. It was observed that survival of D. melanogaster
larvae after a cold treatment was dramatically improved by a mild
heat shock just before the cold shock [27], but other studies failed
to find positive effect of heat pretreatment in larvae [45], and in
adults of D. melanogaster [28]. Selection of adult flies for increased
survival after heat shock for 21 generations resulted in improved
survival after cold shock in selected flies [46]. Such diversity of
results can be explained by high sensitivity of cross-tolerance
assays to details of experimental design. Sub- or supra-optimal
dose of heat pretreatment could be insufficient to elicit the cross-
tolerance effect or damaging itself, respectively. The rapid
dynamism of mRNA and protein levels during and after the heat
shock suggests that the duration of the recovery period after the
heat pretreatment may be of crucial significance. Although
accumulation of Hsp70 was measured in some of the above
mentioned studies [27,28], it is not possible to conclude from these
data (or from our data presented in Fig. 4G) whether it is the
synthesis of Hsps or some other physiological change occurring
during heat pretreatment which confers higher cold tolerance on
the pretreated individuals.
Up-regulation of PaHsp70 as a component of a complex
cold tolerance adaptation
Low temperature affects many different structures and processes
simultaneously and, therefore, insect cold tolerance is a highly
complex adaptation and must be explained as a combination of
different mechanisms [1,47,48]. This paradigm was fully support-
ed by our previous investigation into the mechanisms of cold
tolerance in P. apterus which increases seasonally during autumn.
Upon entrance into diapause during peak of summer [37,49,50],
reproduction ceases and metabolic pathways are redirected toward
building up of reserves [51] and enhanced stress tolerance [34,35].
During the autumn cold acclimation, the temperature of
crystallization of body fluids drops to approximately 217uC
[30,33], biological membranes undergo restructuring [7,31],
cryoprotectants sorbitol and ribitol are accumulated [33,52], and
ion homeostasis and electrochemical gradients across membranes
are protected [36,53]. We suggest that the accumulation of
PaHsp70 also contributes to this complex cold tolerance syndrome
in P. apterus. Its significance was attested in non-diapause males.
Non-diapause insects, however, do not express the whole battery
of cold tolerance mechanisms (as described above) and, conse-
quently, posses much lower capacity for cold acclimation and
much lower level of cold tolerance than diapause insects [32]. It
remains to be tested what the relative importance of Hsp70 up-
regulation is on the backround of other potent cold tolerance
adaptations in cold-hardy diapause insects. Higher rates of
constitutive expression of Hsps were often observed in diapause
insects [8], dormant invertebrates [54–56]; and also in dormant
embryos of fish [57]. High levels of Hsps during dormancy may
represent an anticipatory protection against a variety of environ-
mental insults and/or may participate in the regulation of
dormancy state.
Acknowledgments
We thank Irena Vackova ´ for her help with maintaining insect colonies and
to Lisa Lalouette (University of Rennes 1, Rennes, France) for her help
with preparation of cDNA samples for qPCR analysis. We appreciate the
good sequencing service from Ruz ˇena Kuklova ´ and Aida Trojanova ´. The
primers for synthesis of ß-gal dsRNA were kindly provided by Cheolho Sim
(Ohio State University, Columbus, USA).
Author Contributions
Conceived and designed the experiments: VK MTB. Performed the
experiments: VK MTB. Analyzed the data: VK MTB. Contributed
reagents/materials/analysis tools: VK. Wrote the paper: VK.
References
1. Lee RE Jr (1991) Principles of insect cold tolerance. In: Lee RE Jr, Denlinger DL,
eds. Insects at low temperature. New York: Chapman and Hall. pp 17–46.
2. Renault D, Salin C, Vannier G, Vernon P (2002) Survival at low temperatures in
insects: what is the ecological significance of the supercooling point? Cryo-Lett
23: 217–228.
3. Holmstrup M, Westh P (1994) Dehydration of earthworm cocoons exposed to
cold: a novel cold hardiness mechanism. J Comp Physiol B 164: 312–315.
4. Sinclair BJ, Vernon P, Klok CJ, Chown SL (2003) Insects at low temperatures:
an ecological perspective. Trends Ecol Evol 18: 257–262.
5. Storey KB, Storey JM (1991) Biochemistry of cryoprotectants. In: Lee RE Jr,
Denlinger DL, eds. Insects at low temperature. New York: Chapman and Hall.
pp 64–93.
6. Duman JG (2001) Antifreeze and ice nucleator proteins in terrestrial arthropods.
Annu Rev Physiol 63: 327–357.
7. Tomc ˇala A, Tollarova ´ M, Overgaard J, S ˇimek P, Kos ˇta ´l V (2006) Seasonal
acquisition of chill-tolerance and restructuring of membrane glyceropho-
spholipids in an overwintering insect: triggering by low temperature, desiccation
and diapause progression. J Exp Biol 209: 4102–4114.
8. Rinehart JP, Li A, Yocum GD, Robich RM, Hayward SAL, et al. (2007) Up-
regulation of heat shock proteins is essential for cold survival during insect
diapause. Proc Natl Acad Sci U S A 104: 11130–11137.
9. Georgopoulos C, Welch WJ (1993) Role of the major heat shock proteins as
molecular chaperones. Annu Rev Cell Biol 9: 601–634.
10. Liang P, MacRae TH (1997) Molecular chaperones and the cytoskeleton. J Cell
Sci 110: 1431–1440.
11. Schlesinger MJ (1990) Heat shock proteins. J Biol Chem 265: 12111–12114.
12. Tissieres A, Mitchell HK, Tracy UM (1974) Protein synthesis in salivary glands
of Drosophila melanogaster: relation to chromosome puffs. J Mol Biol 84: 389–398.
13. Korsloot A, van Gestel CAM, van Straalen NM (2004) Environmental stress and
cellular response in arthropods. Boca Raton: CRC Press. 197 p.
14. Craig EA, Weissmann JS, Horwich AL (1994) Heat shock proteins and
molecular chaperones: mediators of protein conformation and turnover in the
cell. Cell 78: 365–372.
15. Feder ME, Hofmann GE (1999) Heat shock proteins, molecular chaperones,
and the stress response: Evolutionary and ecological physiology. Annu Rev
Physiol 61: 243–282.
16. Goto SG, Yoshida KM, Kimura MT (1998) Accumulation of Hsp70 mRNA
under environmental stresses in diapausing and nondiapausing adults of
Drosophila triauraria. J Insect Physiol 44: 1009–1015.
17. Goto SG, Kimura MT (1998) Heat- and cold-shock responses and temperature
adaptations in subtropical and temperate species of Drosophila. J Insect Physiol
44: 1233–1239.
18. Sinclair BJ, Gibbs AG, Roberts SP (2007) Gene transcription during exposure
to, and recovery from, cold and desiccation stress in Drosophila melanogaster. Insect
Mol Biol 16: 435–443.
19. Yocum GD (2001) Differential expression of two HSP70 transcripts in response
to cold shock, thermoperiod, and adult diapause in the Colorado potato beetle.
J Insect Physiol 47: 1139–1145.
20. ChenB,KayukawaT,MonteiroA,IshikawaY(2006)Cloningandcharacterization
of the HSP70 gene, and its expression in response to diapauses and thermal stress in
the onion maggot, Delia antiqua. J Biochem Mol Biol 39: 749–758.
21. Huang L-H, Chen B, Kang L (2007) Impact of mild hardening on
thermotolerance, fecundity, and Hsp gene expression in Liriomyza huidobrensis.
J Insect Physiol 53: 1199–1205.
22. Rinehart JP, Yocum GD, Denlinger DL (2000) Developmental upregulation of
inducible hsp70 transcripts, but not the cognate form, during pupal diapause in
the flesh fly, Sarcophaga crassipalpis. Insect Biochem Mol Biol 30: 515–521.
23. Hayward SAL, Pavlides SC, Tammariello SP, Rinehart JP, Denlinger DL (2005)
Temporal expression patterns of diapause-associated genes in flesh fly pupae
from the onset of diapause through post-diapause quiescence. J Insect Physiol
561: 631–640.
24. Yocum GD, Kemp WP, Bosch J, Knoblett JN (2006) Thermal history influences
diapause development in the solitary bee Megachile rotundata. J Insect Physiol 52:
1113–1120.
25. Rinehart JP, Hayward SAL, Elnitsky MA, Sandro LH, Lee RE Jr, et al. (2006)
Continuous up-regulation of heat shock proteins in larvae, but not adults, of a
polar insect. Proc Natl Acad Sci U S A 103: 14223–14227.
Hsp70 in Insect Cold Tolerance
PLoS ONE | www.plosone.org 8 February 2009 | Volume 4 | Issue 2 | e454626. Feder ME, Walser J-C (2005) The biological limitations of transcriptomics in
elucidating stress and stress responses. J Evol Biol 18: 901–910.
27. Burton V, Mitchell HK, Young P, Petersen NS (1988) Heat shock protection
against cold stress of Drosophila melanogaster. Mol Cell Biol 8: 3550–3552.
28. Sejerkilde M, Sorensen JG, Loeschke V (2003) Effects of cold- and heat
hardening on thermal resistance in Drosophila melanogaster. J Insect physiol 49:
719–726.
29. Li AQ, Popova-Butler A, Dean DH, Denlinger DL (2007) Proteomics of the
flesh fly brain reveals an abundance of upregulated heat shock proteins during
pupal diapause. J Insect Physiol 53: 385–391.
30. Hodkova ´ M, Hodek I (1997) Temperature regulation of supercooling and gut
nucleation in relation to diapause of Pyrrhocoris apterus. Cryobiol 34: 70–79.
31. Hodkova ´ M, Berkova ´ P, Zahradnı ´c ˇkova ´ H (2002) Photoperiodic regulation of
the phospholipid molecular species composition in thoracic muscles and fat body
of Pyrrhocoris apterus (Heteroptera) via an endocrine gland, corpus allatum. J Insect
Physiol 48: 1009–1019.
32. S ˇlachta M, Berkova ´ P, Vambera J, Kos ˇta ´l V (2002) Physiology of the cold-
acclimation in non-diapasusing adults of Pyrrhocoris apterus (Heteroptera).
Eur J Entomol 99: 181–187.
33. Kos ˇta ´lV,S ˇlachta M, S ˇimek P (2001) Cryoprotective role of polyols independent
of the increase in supercooling capacity in diapausing adults of Pyrrhocoris apterus
(Heteroptera: Insecta). Comp Biochem Physiol B 130: 365–374.
34. Kos ˇta ´l V, Tamura M, Tollarova ´ M, Zahradnı ´c ˇkova ´ H (2004a) Enzymatic
capacity for accumulation of polyol cryoprotectants changes during the diapause
development in the adult red firebug, Pyrrhocoris apterus. Physiol Entomol 29:
344–355.
35. Kos ˇta ´l V, Tollarova ´M ,S ˇula J (2004b) Adjustments of the enzymatic
complement for polyol biosynthesis and accumulation in diapausing cold-
acclimated adults of Pyrrhocoris apterus. J Insect Physiol 50: 303–313.
36. Kos ˇta ´l V, Renault D, Mehrabianova ´ A, Bastl J (2007) Insect cold tolerance and
repair of chill-injury at fluctuating thermal regimes: role of ion homeostasis.
Comp Biochem Physiol A 147: 231–238.
37. Hodek I (1968) Diapause in females of Pyrrhocoris apterus L. (Heteroptera). Acta
Entomol Bohemoslov 65: 422–435.
38. Sla ´ma K (1964) Hormonal control of respiratory metabolism during growth,
reproduction, and diapause in female adults of Pyrrhocoris apterus L. (Hemiptera).
J Insect Physiol 10: 283–303.
39. Pfaffl MW (2001) A new mathematical model for relative quantification in real-
time RT-PCR. Nucleic Acid Res 29: Art. No. e45.
40. Sim C, Denlinger DL (2008) Insulin signaling and FOXO regulate the
overwiontering diapause of the mosquito Culex pipiens. Proc Natl Acad Sci U S A
105: 6777–6781.
41. Lindquist S (1986) The heat-shock response. Annu Rev Biochem 55:
1151–1191.
42. Privalov PL (1990) Cold denaturation of proteins. Crit Rev Biochem Mol Biol
25: 281–305.
43. Tsai C-J, Maizel JV, Nussinov R (2002) The hydrophobic effect: a new insight
from cold denaturation and two-state water structure. Crit Rev Biochem Mol
Biol 37: 55–69.
44. Welch WJ (1993) How cells respond to stress. Sci Am May 1993: 34–41.
45. Rajamohan A, Sinclair BJ (2008) Short-term hardening affects on survival of
acute and chronic cold exposure by Drosophila melanogaster larvae. J Insect Physiol
54: 708–718.
46. Bubliy OA, Loeschke V (2005) Correlated responses to selection for stress
resistance and longevity in a laboratory population of Drosophila melanogaster.
J Evol Biol 18: 789–803.
47. Danks HV (1996) The wider integration of studies on insect cold-hardiness.
Eur J Entomol 93: 383–403.
48. Murray P, Hayward SAL, Govan GG, Gracey AY, Cossins AR (2007) An
explicit test of the phospholipid saturation hypothesis of acquired cold tolerance
in Caenorhabditis elegans. Proc Natl Acad Sci U S A 104: 5489–5494.
49. Kos ˇta ´l V (2006) Eco-physiological phases of insect diapause. J Insect Physiol 52:
113–127.
50. Kos ˇta ´l V, Tollarova ´ M, Dolez ˇel D (2008) Dynamism in physiology and gene
transcription during reproductive diapause in a heteropteran bug, Pyrrhocoris
apterus. J Insect Physiol 54: 77–88.
51. Socha R, S ˇula J (1992) Voltinism and seasonal changes in haemolymph protein
pattern of Pyrrhocoris apterus (Heteroptera: Pyrrhocoridae) in relation to diapause.
Physiol Entomol 17: 370–376.
52. Kos ˇta ´l V, S ˇimek P (2000) Overwintering strategy in Pyrrhocoris apterus
(Heteroptera): the relations between life-cycle, chill tolerance and physiological
adjustments. J Insect Physiol 46: 1321–1329.
53. Kos ˇta ´l V, Vambera J, Bastl J (2004c) On the nature of pre-freeze mortality in
insects: water balance, ion homeostasis and energy charge in the adults of
Pyrrhocoris apterus. J Exp Biol 207: 1509–1521.
54. Qiu Z, MacRae TH (2008a) ArHsp21, a developmentally regulated small heat
shock protein in diapausing embryos of Artemia franciscana. Biochem J 411:
605–611.
55. Qiu Z, MacRae TH (2008b) ArHsp22, a developmentally regulated small heat
shock protein produced in diapause-destined Artemia embryos, is stress inducible
in adults. FEBS J 275: 3556–3566.
56. Schill RO, Pfannkuchen M, Fritz G, Kohler HR, Brummer F (2006) Quiescent
gemmules of the freshwater sponge, Spongilla lacustris (Linnaeus, 1759), contain
remarkably high levels of Hsp70 stress protein and hsp70 stress gene mRNA.
J Exp Zool A 305: 449–457.
57. Podrabsky JE, Somero GN (2007) An inducible 70 kDa-class heat shock protein
is constitutively expressed during early development and diapause in the annual
killifish Austrofundulus limnaeus. Cell Stress Chap 12: 199–204.
Hsp70 in Insect Cold Tolerance
PLoS ONE | www.plosone.org 9 February 2009 | Volume 4 | Issue 2 | e4546